We present a holographic bottom up model for the thermal behavior of cc vector mesons in a finite temperature and density plasma. There is a clear physical interpretation for the three input energy parameters of the model. Two of them are related to the mass spectrum of the heavy meson. Namely the quark mass and the string tension of the quark anti-quark interaction.
I.
INTRODUCTION
Heavy vector mesons, detected after a heavy ion collision, can provide information about the possible existence of a plasma state for very short time scales. The suppression of such particles could indicate their dissociation in this thermal medium [1] (see also [2] ). It is, thus, important to understand the thermal properties, in particular the dissociation temperatures, of heavy mesons.
A bottom up holographic model for bb vector mesons (bottomonium) in a plasma at finite temperature but zero density appeared recently in ref. [3] . An extension to finite density was then developed in [4] . The first radial excitations 1S, 2S and 3S appear as clear peaks of the spectral function. The height of the peaks decrease as the temperature of the medium increases, representing the dissociation of the states. The holographic model used in [3, 4] appeared initially in [5] for the zero temperature (vacuum) case. This model was built up with the purpose of overcoming a problem of the so called AdS/QCD approach. Namely experimental data show that decay constants decrease monotonically with radial excitation level. This fact was contrasting with results of previous holographic models. It was shown in ref. [5] that the addition of an ultraviolet (UV) energy parameter in the soft wall model, associated with the non hadronic decay of mesons, leads to decay constants decreasing with excitation level, The model includes two energy parameters: the infrared mass scale of the soft wall and the UV scale that is the inverse of the position of anti-de Sitter space where correlation functions are calculated.
Reference [3] includes also a study of charmonium states. But the holographic picture obtained for J/Ψ at finite temperature is not appropriate: the dissociation takes place at too small temperatures. A possible explanation for the failure to describe charmonium is that the decay constant obtained for J/Ψ is 40% smaller than the experimental result. This contrasts with bottomonium Υ state, for which the model of [3, 5] provides a decay constant just 12% smaller than the experimental result.
The connection between decay constants and finite temperature behavior is a consequence of the relation between these quantities and the spectral function. The thermal spectral function is the imaginary part of the retarded Green's function. The relevant part of the Green function is the two point function that, at zero temperature, has a spectral decomposition in terms of masses m n and decay constants f n of the states:
The imaginary part of eq. (1) is a sum of delta peaks with coefficients proportional to the square of the decay constants:
At finite temperature, the quasi-particle states appear in the spectral function as smeared peaks that decrease as the temperature T and/or the density µ of the medium increase. This analysis suggests that a consistent extension of a hadronic model to finite temperature should take into account the zero temperature behavior, where decay constants play an essential role.
The holographic model for heavy vector meson of ref. [5] includes one parameter associated with the mass spectrum and one associated with the decay process. A limitation of this model is that actually the mass spectrum of a heavy meson depends itself on two parameters: the quark mass, that is not negligible in this case, and the string tension that represents the strong interaction between quarks. A phenomenological model designed for masses and decay constants should include three parameters. The third one associated with the non hadronic decay. In such processes the heavy meson transforms into much lighter particles. It is reasonable to assume that the transition amplitude depends of the mass difference between the initial and final states, that is of the order of the heavy meson mass.
Another aspect of reference [5] is that there is a ultraviolet hard wall: a finite position of AdS space where the solutions describing states vanish. The purpose of this letter is to develop a holographic model for charmonium with three parameters, with the roles discussed above: quark mass, string tension and mass transition scale for non hadronic decay. The new framework developed here contains just a smooth background, without any hard wall.
The finite temperature and density picture that emerges from this new model provides a consistent description for the dissociation of charmonium states. This letter is organized as follows. In section II we describe the calculation of masses and decay constants in soft wall like models and present the new model at zero temperature. The extension to finite temperature and density is shown in section III and the procedure for the calculation of the spectral function in section IV. The results and discussions appear in section V.
Let us consider a generalized version of the soft wall model [6] . Vector mesons are described by a vector field V m = (V µ , V z ) (µ = 0, 1, 2, 3), which is dual to the gauge theory current
The action is:
where
Sitter with metric
where A(z) = −log(z/R). Choosing the gauge V z = 0 the equation of motion for the transverse (1,2,3) components of the field, denoted generically as V , in momentum space reads
where B(z) is
The equation of motion (4) has in general a discrete spectrum of normalizable solutions,
n . The eigenfunctions, Ψ n (z) are normalized according to:
Decay constants are proportional to the transition matrix of the vector meson in the n state to the non hadronic state: 0| J µ (0) |n = µ f n m n . They are calculated holographically from the normalized solutions Ψ n (see refs. [6, 7] ) as:
In the case of the soft wall model the form of the dilaton is φ SW (z) = k 2 z 2 . The normalized solutions of equation (4) vanishing at z = 0 have the form:
The result for the decay constants in softwall model is
/R. This means that in the soft wall model all the radial excitations of a vector meson have the same decay constant. We show on table 1 the experimetal masses [8] for charmonium states and the corresponding decay constants that decrease with radial excitation level, contrasting with the result from the soft wall model. For the hard wall model [9] [10] [11] , relation (7) In reference [5] it was shown that introducing a UV hard cut off in the soft wall model one can obtain decay constants decreasing with excitation level. This model provided a consistent picture for the thermal behavior of bottomonium states but not for charmonium.
The dissociation of charmonium 1S state, the J/Ψ, occurs at temperatures smaller than the critical one in this model.
In order to reproduce the behavior of cc vector mesons we consider the following dilaton field:
where the parameter k represents the charm quark mass, Γ the string tension of the strong quark anti-quark interaction and M is a mass scale associated with non hadronic decay. The values of the parameters that describe charmonium are:
Note that M is of the order of the mass change when a charmonium state undergoes a non hadronic decay.
The procedure to calculate masses and decay constants is to find the normalizable solutions Ψ n (z) of eq. (4), with the background of eq. (10) , that vanish at z = 0. Then the numerical solutions are used in eq. (9) . We show on table 2 the results for the mass and the decay constant using the holographic model describe above. One can observe that the decay constants decrease with radial excitation level, as in the experimental results of table 1. In particular, the decay constant of the 1S state, the J/Ψ is just 1.4% smaller than the one obtained from experimental data. Defining the rms error for estimating N quantities using a model with N p parameters as:
where O i is the average experimental value and δO i is the deviation of the value obtained using the model, one finds δ rms = 20.7%. 
III. FINITE DENSITY PLASMA
Once the zero temperature holographic description of charmonium was defined, let us extend the model to finite temperature and density. Light vector mesons have been studied in the soft wall model at finite temperature in [12] . We consider the same action of eq. (2):
but with a charged black hole metric, as in [13] [14] [15] 
where:
The horizon position z h is obtained from the condition f (z h ) = 0. The temperature of the black hole is determined by the requirement of absence of conical singularity at the horizon in the Euclidean version of the metric. One has:
The parameter q is proportional to the black hole charge and related to the quark chemical potential µ. In the gauge theory side of the duality µ is a constant parameter that appears in the lagrangian multiplying the quark densityψγ 0 ψ . So it plays the role of the source of correlators of this operator. In the dual supergravity description the field V 0 plays this role. 
The values of the dimensionless combination Q = qz 3 h must be in the interval 0 ≤ Q ≤ √ 2.
The finite temperature and density version of equation of motion (4) reads
where V is one of the spatial components of the transverse gauge field. In the next section we show how to can calculate the spectral function for charmonium.
IV. SPECTRAL FUNCTION
The charmonium spectral function can be evaluated using the membrane paradigm [16] (see also [17] ). Let us briefly review the membrane paradigm for a vector field V µ , dual to the electric current operator J µ . We assume a black brane metric of the general form:
the metric components depend only on coordinate z and the boundary is located at z = 0.
There is a horizon, where the time component vanishes: g tt (z = z h ) = 0. For the action of a vector field we assume the general form
where h(z) represents a general background. The corresponding equation of motion is:
Now we consider solutions for the vector field that are independent of coordinates x 1 and x 2 and separate the equations of motion into a longitudinal channel involving fluctuations along (t, x 3 ) and a transverse channel with fluctuations along the spatial directions (x 1 , x 2 ).
The relevant components of eq. (21) in this case read
Using the Bianchi identity one finds:
A z-dependent (bulk) version of conductivity for the longitudinal channel can de defined as:
For a plane wave solution with momentum p = (ω, 0, 0, p 3 ) one finds, using eqs. (22), (24) and (26) where
A similar procedure for the transverse channel leads to [16] :
Here we want to consider only the case of zero momentum. So, we take p 2 3 = 0 and both flow equations (28) and (30) have the same form
forσ =σ T =σ L .
The AC conductivity σ is related to the Retarded Green function by the Kubo formula:
Note that Re σ(ω) = ρ(ω)/ω, where ρ(ω) ≡ −Im G R (ω) is the spectral function.
For the present model, described in the previous sections, we use the metric (14) and
Requiring regularity at the horizon, one obtains the following condition:σ(ω, z h ) =Σ(z h ) . The spectral function is obtained from:
V. RESULTS AND DISCUSSION
The strategy used to obtain the spectral function for charmonium is to evaluate numerically equation (33) state is partially dissociated in the medium. Increasing µ one sees that this state strongly increases the degree of dissociation in the medium.
A compilation of results for quarkonium dissociation temperatures using lattice QCD and potential models is presented in [18] . It is important to mention that some interesting studies of heavy mesons using holography appeared before in, for example, refs. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . However a consistent picture for the dissociation of J/Ψ in a plasma with finite temperature and density was missing in the literature.
As a final remark, we want to stress the fact that we constructed a phenomenological model with the purpose of describing the thermal behavior of charmonium states in a finite medium. Presently, it is not possible to investigate the dissociation of quarkonium states in such a medium using lattice QCD. The model does not come from QCD. It comes from a particular way of breaking conformal invariance in the AdS/CFT duality, represented by the introduction of the background of eq. (10) . However it provides a picture for the spectral function of charmonium quasi-particle states that is qualitatively consistent and could be confronted in the future with other approaches.
